ABSTRACT Natural type IIa (insulating) diamonds were implanted at liquid nitrogen temperature with either boron or carbon plus boron. Van der Pauw resistivity and Hall effect measurements as a function of temperature were used to determine the effect of the implantation, in comparison with the unimplanted side of the sample. Implantation with carbon plus boron resulted in a carrier concentration more than an order of magnitude greater than that resulting from implantation with boron alone, but with a much lower hole mobility.
Previous attempts to utilize ion implantation to introduce electrically active dopants into semiconducting diamond have yielded inconsistent resultsl 1-3 primarily because the implantation produces a variety of damage mechanisms in the diamond lattice. These defects are known to reduce the carrier mobility and degrade device performance. In addition to the vacancy and interstitial defect centers common to other materials, diamond has an additional damage mechanism due to the transformation of the tetrahedrally bonded diamond lattice to a carbon lattice consisting of graphitic-type bonds. These graphitic layers may show electronic conduction similar to that of an n-type layer. Removal of the damaged layer is a nontrivial task, but was accomplished in Ref. 3 . Analysis of the effects of implantation is also greatly complicated by the wide variations in electrical properties observed in natural diamond. Classification of diamonds is generally based on optical properties. Type IIb diamonds typically exhibit a resistivity in the range of 0.1-100 ~2-cm, while type IIa diamonds generally exhibit a resistivity greater than 3_014 ~2-cm, but have been found with intermediate resistivities in the range 0.1-1014 ~2-cm. Several other complications may arise in the electrical characterization of diamonds, including the role of hydrogen, 4 adsorbed gases, 5' 6 and possible photoconductivity contributions. 7 In spite of these difficulties, many authors have attempted to draw conclusions based on a comparison of the relative temperature dependencies of the resistance of two different diamond samples, one implanted, one not.
Prins I proposed a technique that allows controllable doping of diamond via ion implantation. This technique requires that implantation be carried out with the diamond held at a temperature low enough to reduce the diffusional motion of both vacancies and interstitials produced in the collision cascade. The result is a high density of vacancies and interstitials in close proximity. Dopant atoms are then implanted into this layer of "frozen" vacancies and interstitials. Subsequent annealing at a temperature high enough to allow diffusion of the interstitials and/or the vacancies results in recombination of the vacancies with * Electrochemical Society Active Member.
both the self-interstitials and the dopant interstitials. The implanted layer then contains substitutional dopants with a low level of residual radiation damage. Prins 1 and Sandhu et al. ~ have verified this technique using resistance measurements as a function of temperature to determine activation energies. Measurements of the carrier concentrations or mobilities were not made. The technique originally proposed by Prins 1 relies on the use of carbon ions to create vacancies for the subsequent boron implant. In order to minimize damage and increase activation efficiency, we utilized a modified technique in our experiments. This technique used a tri-level boron implant to provide an approximately uniform layer of dopants, while simultaneously utilizing boron ions instead of carbon ions for preimplant vacancy creation. A recent paper by Prins 9 also suggests this approach. Results from both implant schemes were compared in this project.
In order to provide direct measurements of both the net carrier concentration and the mobility an apparatus was constructed to allow resistivity and Hall effect measurements to be made as a function of temperature in an inert ambient. As noted in a previous work, TM a comparison of results between the front and back sides of the same thin (0.25 mm) diamond slice, with only one side having been implanted, can essentially eliminate sample to sample variations. By also carrying out the measurements in a purified argon ambient, with a pre-measurement heat-treatment, we believe extraneous conductivity due to adsorbed gases or other effects are minimized. Thus, we are better able to observe the net change in the electrical transport due to the implant.
Experimental Procedure
The starting material consisted of natural semi-insulating (type IIa) diamonds, 5 • 5 x 0.25 mm in size. Boron was chosen as the dopant ion as it is the only known shallow dopant in natural diamond. One sample was implanted with boron ions at 80 K using a multiple implant scheme (25 keV, 1.5 • 1014 B+/cm2; 50 keV, 2.1 x 10 ~ B+/cm2; and 100 keV, 3.0 • 1014 B+/cm 2) intended to provide an approximately uniformly doped p-type layer of about 210 nm (as verified by SIMS on a similarly implanted sample) in thick-d. Electrochem. Soc., Vol. 139, No. 10, October 1992 9 The Electrochemical Society, Inc.
ness. The second sample was first implanted with carbon ions at 80 K using a similar multiple implant scheme (30 keV, 1.5 x 1014 C § 60 keV, 2.1 • 1014 C*/cm § and 120 keV, 3.0 x 1014 C*/cm2), immediately followed by a boron implantation identical to that of the first sample. After implantation, the diamonds were removed from the cold stage and annealed at 990~ for 10 min in dry nitrogen to remove implantation damage and activate the implanted boron.
Implantation of B and C was performed in a 400 kV custom post-acceleration mass separation implanter at Hughes Research Laboratories. B ions were produced from BF3 gas in an electron-bombardment ion source; C ions were produced from a CO source gas. The ion beam was mass separated at full energy using a large double focusing magnet. Neutrals were removed and the beam electrostatically scanned to provide a uniform implant at 7 ~ from a crystal axis. Rutherford backscattcring spectrometry has been used to verify the measured fluences in separate calibration runs. The fiuence was determined by integrating the net positive charge striking the target, which is biased and isolated from ground potential through an accurate capacitor. Dividing the integrated charge by the measured area of the target impinged by the ion beam gives the fluence. The target chamber was evacuated to about 1 • 10 -8 Torr using a cryopump. Implants at liquid nitrogen temperature were carried out by placing the diamond samples in a thin-walled, large liquid volume, production qualified 3-in. target holder, the surface of which reaches 80 K. For the dual ~2C plus ~B implants, the C was implanted first at 80 K, then the B was implanted at 80 K. The diamond samples were removed from the chilled target holder after implantation and within 60 s were introduced into a furnace preheated to 1000~ for specified times to perform immediate anneals. Current densities for the various implanted fiuences are controlled to cause implants to require from 60-600 s. Post implantation anneals at 1000~ were performed in a horizontal quartz furnace under flowing dry nitrogen.
The diamonds were then cleaned by etching in a boiling saturated solution of chromic oxide (CrO3) in sulfuric acid. The purpose of the etch was to remove any graphitized (non sp 3 bonded) layer that might have formed. The diamonds were then rinsed in deionized water, boiled in acetone, and then rinsed with methanol. After the methanol rinse, the diamonds were blown dry using dry nitrogen, and loaded into an ultra-high vacuum chamber for ohmic contact metallization. The base pressure of chamber was approximately 1 • 10 -8 Torr. Contacts were deposited on the sample corners, and were defined using a stainless steel shadow mask. The contact metatlization consisted of 10 nm of Mo deposited by electron beam evaporation, followed by 150 nm of Au deposited from a resistively heated boat. After removal from the vacuum chamber, the samples were baked at 120~ for 20 min, then loaded into a furnace and annealed in a dry hydrogen ambient (dew point < -60~ for 6 min at 960~ Extensive characterization of the resulting contacts revealed the formation of carbide precipitatesat the metal-diamond interface during the anneal. ~ The strong adherence and the low specific contact resistance (10-15 D-cm 2) of contacts formed by this process are attributed directly to the carbide precipitates. ~2 These contacts have been successfully operated at elevated temperatures; the long-term reliability of such ohmic contacts operating fn the high temperature interval 450-625~ has also been investigated. ~3
A schematic outline of the high temperature van der Pauw resistivity and Hall effect measurement apparatus is shown in Fig. 1 . Care was taken to control the ambient to which the diamonds were exposed at high temperature. High purity argon was generated and fed into the system to maintain a dew point of less than -115~ The system as originally described ~~ utilized a ceramic chip carrier, with a stainless steel support structure, and was used to measure the sample implanted with boron only up to a temperature of 600~ At high temperatures this combination was found to leave a film of contamination on the surface of the diamond. As a result, we rebuilt part of the system to leave only quartz, the diamond, and copper and gold electrical connections in the annealing ambient, with the copper wires sheathed in quartz capillary tubing. The temperature was monitored via a thermocouple inserted in a socket below the sample platform. This system was used to measure the sample implanted with carbon plus boron up to a maximum temperature of 700~
Results and Discussion
The net carrier concentration plotted as a function of inverse temperature for the sample implanted with carbon plus boron is shown in Fig. 2 . We measured the carrier concentration both as temperature was increased and as temperature was reduced. The results presented here were obtained only after annealing at a temperature of 375~ in the argon ambient of the measurement system to stabilize measured data. This procedure was found to be necessary to obtain data that did not drift higher with time for the sample implanted with boron only. An additional, similar effect seemed to occur at a second, higher temperature with the carbon plus boron implanted sample. It should be noted that the curve generated as the temperature was decreased did not match the initial curve generated as the temperature was increased. Carrier concentration data taken as the temperature was increased for a second time, however, retraced the curve obtained for decreasing temperature. The carrier mobility for this layer, shown in Fig. 3 , exhibits a similar effect. The reason for this behavior is not clear at the present time, but might be the result of desorption of a gaseous impurity at high temperature. Because the data obtained with decreasing temperature appear to be reproducible, they were utilized for comparisons with the layer implanted with boron alone. (It should be noted that it is this reproducible data which are shown in Fig. 2 and Fig. 3.) Also shown in Fig. 2 and Fig. 3 , are the sheet carrier concentrations and the mobilities, respectively, as a function of inverse temperature for the implanted sides of the samples implanted with boron only. Clearly there is a much greater activation efficiency for the sample implanted with carbon plus boron (approximately 1% vs, 0.1% for the layer implanted with boron only). Note, however, that the sample implanted with carbon plus boron has a lower mobility and a lower temperature dependence than that implanted with boron only. Because the boron dose is equivalent in the two samples, this may be an indication of greater residual damage caused by the additional carbon dose. This effect can be checked by comparing samples with the same total implantation dose, i.e., the total dose of carbon plus boron ions implanted in one sample should be equal to the boron dose implanted in the other sample. According to Prins, 14 activation of boron is more efficient in samples implanted with carbon plus boron, implying that it might be possible to have a higher carrier concentration than that in the sample implanted with boron alone, but without a reduction in carrier mobility.
Conclusions
We have verified the technique proposed by Prins 14 for increasing the activation of boron in diamond by direct measurement of carrier concentration and mobility as a function of temperature. The use of a carbon preimplant resulted in a carrier concentration more than an order of magnitude greater than that without the carbon implant, for equal doses of boron. There was, however, a degradation observed in the mobility for the sample additionally implanted with the carbon.
